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(57) ABSTRACT

A resistive memory device and a method of operation of the
resistive memory device are provided. The resistance
memory device includes a resistance change layer that has a
tunneling film and has many states. The conductance is
changed symmetrically in a SET operation and a RESET
operation. Thus, the resistive memory device can be used for
efficient and accurate data storage as a RRAM in a high-
capacity memory array, and as a synaptic device controlling
the connection strength of a synapse in a neuromorphic
system.
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FIG. 1
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FIG. 3
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FIG. 5
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OPERATION METHOD OF RESISTIVE
MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to Korean Patent Appli-
cation No. 10-2017-0161384, filed on Nov. 29, 2017, under
35 U.S.C. 119, the entire contents of which are hereby
incorporated by reference.

BACKGROUND
Field of the Invention

The present invention relates to a resistive memory
device, and more particularly to a resistance change memory
device, in which the conductance is changed symmetrically
in a SET operation and a RESET operation, and a method of
operation thereof. The resistive memory device of the pres-
ent invention is used for efficient and accurate data storage
as a RRAM (Resistive Random Access Memory) in a
high-capacity memory array, and as a synaptic device in a
neuromorphic system.

NAND flash memory technology is currently leading the
mass storage market through continuously scaling down.
However, in recent years, as the size of the device has been
reduced to 20 nm or less, several reliability problems have
arisen. Therefore, various kinds of next generation memo-
ries are being actively researched to replace the NAND flash
memory technology.

Among the next generation memories, the resistive
memory device has a simple device structure and the advan-
tages of fast operation and low power operation. The resis-
tive memory stores data through the difference in resistance
state, unlike the NAND flash memory technology which
stores charge. It has a high resistance state (HRS) and a low
resistance state (LRS), and it may have several resistance
states depending on the material and structure of the device.

The conventional resistive memory device has a metal-
insulator-metal (MIM) material structure as shown in FIG.
1. The switching operation of the resistive memory device is
divided into three phases as shown in FIG. 2: a forming
process for forming a conductive filament in an initial state
to be a low resistance state, a reset operation for increasing
the resistance of the conductive filament by breaking the
conductive filament, and a set operation to be the low
resistance state again. The forming process is the first
operation of the set operation and requires a higher voltage.
Generally, in the SET operation, a positive voltage is applied
to both ends of the resistive memory device and in the
RESET operation, a negative voltage is applied.

Related Art

Korean Patent No. 10-1257365 discloses a technique for
simultaneously forming a threshold switch layer and a
resistance change layer. According to this, the bottom elec-
trode is platinum (Pt), the top electrode is a transition metal
such as tungsten (W), and the phase change layer between
the electrodes is a niobium oxide (Nb,O, ), a vanadium
oxide (V,0¢_,) or a transition metal oxide formed of Ti, Fe,
Ni and the like. Applying a voltage to the electrodes to move
the oxygen ions in the phase change layer inside the top
electrode, a resistance change layer is formed in the top
electrode by the oxidation reaction. And the threshold switch
layer having the properties of the conductor is formed by
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growth from the bottom electrode changing the oxygen
deficiency (oxygen vacancies) state by the thermal energy
applied with the voltage. Thus, it shows that it is possible to
form two films having different properties in a single form-
ing process.

The above patent has the conventional MIM structure, so
the lower electrode is platinum, the top electrode is a
transition metal such as tungsten, and between these elec-
trodes the transition metal oxide is filled. Applying a voltage
to the electrodes it is to move the oxygen ions to form the
threshold switch layer and the resistance change layer. There
is a limit to reduce the size of the device and it is difficult to
implement a three-dimensional vertical stacked array for the
neuromorphic system. And there is a problem that should be
prepared in a separate process because it is impossible to be
fabricated together with the array peripheral circuit elements
and is not compatible with the conventional silicon process.

On the other hand, in order to implement the neuromor-
phic system, it is essential to develop the synaptic device
that can simulate one of the characteristics of biological
synapses, i.e., the synaptic connectivity, which is potentiated
or depressed according to the difference in fire time between
pre- and post-neuron synapses (see Korean Patent No.
10-1425857).

However, in the conventional resistive memory device,
since the SET operation by the positive voltage and the
RESET operation by the negative voltage vary asymmetri-
cally with respect to each other, when the resistive memory
device is used as a synaptic device, it is difficult to improve
recognition accuracy in a neuromorphic system.

SUMMARY

The present invention is to provide a resistive memory
device and a method of operation thereof to solve the above
problems and to be used for efficient and accurate data
storage as a RRAM in a high-capacity memory array and as
a synaptic device in a neuromorphic system.

To achieve the objectives, a resistive memory device
according to the present invention is comprising: a bottom
electrode formed by doping impurities into a semiconductor
material; a resistance change layer formed on the bottom
electrode; and a top electrode formed on the resistance
change layer, wherein the resistance change layer comprises
an oxide film formed on the bottom electrode and a nitride
film formed on the oxide film.

The semiconductor material may be silicon, the oxide film
may be a silicon oxide film, the nitride film mat be a silicon
nitride film, and the top electrode may be formed of a metal.

In a method for operating the resistive memory device of
the present invention, pulse voltages having a constant width
may be applied between the top and bottom electrodes at a
predetermined interval to gradually change the conductance
of the resistance change layer.

SET operation may be performed when the pulse voltages
are applied to the top electrode with positive voltages higher
than those to the bottom electrode and RESET operation
may be performed when the pulse voltages are applied to the
top electrode with negative voltages lower than those to the
bottom electrode.

The SET operation may be performed when the pulse
voltages are repeatedly applied at a plurality of times
regardless of the magnitude of the pulse voltages.

The RESET operation may be performed when the pulse
voltages are repeatedly applied at a plurality of times with
the magnitude of the pulse voltages being gradually
increased.
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A read operation of the storage state or the recognition
state may be performed by a slope of the conductance of the
resistance change layer when predetermined read pulse
voltages are applied between the top and bottom electrodes.

The present invention provides a resistive memory device
comprising a tunneling film and has many states. The
conductance is changed symmetrically in a SET operation
and a RESET operation. Thus, the resistive memory device
of the present invention can be used for efficient and
accurate data storage as a RRAM in a high-capacity memory
array, and as a synaptic device controlling the connection
strength of a synapse in a neuromorphic system.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional view showing a basic structure
of a conventional resistive memory device.

FIG. 2 is a conceptual diagram showing the switching
operation characteristics of the resistive memory device
having the structure of FIG. 1.

FIG. 3 is 3 is a perspective view illustrating the structure
of'a resistive memory device according to an embodiment of
the present invention.

FIG. 4 is a TEM cross-sectional view of the device
fabricated with the structure of FIG. 3.

FIG. 5 is a switching characteristic diagram when the
silicon oxide film is not inserted in the structure of FIG. 3.

FIG. 6 is a switching characteristic diagram when the
silicon oxide film is inserted in the structure of FIG. 3.

FIG. 7 is an electrical characteristic diagram showing a
change in conductance according to continuous pulse volt-
ages of a resistive memory device having a silicon nitride
film and a silicon oxide film as a resistance change layer
according to an embodiment of the present invention.

FIGS. 8A and 8B illustrate input pulse schemes where the
magnitude of the pulse voltages is fixed and gradually
increased, respectively when for RESET operation the pulse
voltages having a constant width are repeatedly applied at a
predetermined interval.

FIG. 9 is an electrical characteristic diagram contrastively
showing a change in conductance according to the difference
in the operation modes of FIG. 8.

In these drawings, the following reference numbers are
used throughout: reference number 10 indicates a bottom
electrode, 20 an oxide film (a silicon oxide film), 30 a nitride
film (a silicon nitride film), and 40 a top electrode.

DETAILED DESCRIPTION

Detailed descriptions of preferred embodiments of the
present invention are provided below with accompanying
drawings.

As exemplary shown in FIG. 3, a resistive memory device
according to an embodiment of the present invention com-
prises a bottom electrode 10 formed by doping impurities
into a semiconductor material; a resistance change layer 20
or/and 30 formed on the bottom electrode; and a top elec-
trode 40 formed on the resistance change layer, wherein the
resistance change layer comprises an oxide film 20 formed
on the bottom electrode 10 and a nitride film 30 formed on
the oxide film 20.

The semiconductor material may be other materials such
as germanium but may be silicon. In the latter case, it may
be crystalline silicon or polycrystalline silicon. Therefore,
the bottom electrode 10 may be p*-Si doped with a high
concentration of p-type impurities (for example, 5x10*%/
cm?) into silicon as shown in FIG. 3.
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The oxide film 20 may be formed of any material if it can
be used as a tunneling film. A silicon oxide film (Si0,) is
preferable in view of fabrication process when a bottom
electrode is formed of silicon. When the silicon oxide film
(S10,) is formed as the oxide film 20, it is preferable to have
a thickness of 1 to 2 nm on the p*-Si bottom electrode 10 as
shown in FIG. 3, considering tunneling and insulation
effects.

The nitride film 30 may be formed of a material having a
composition such as AINx, ZrNx, NiNx, WNx, HfNx, or the
like, but is preferably a silicon nitride film (Si;N, or SiNx)
when the oxide film 20 is formed of a silicon oxide film.
When the nitride film 30 is formed of a silicon nitride film,
it is preferable to form the nitride film 30 with a thickness
of' 5 nm on the silicon oxide film (Si02), as shown in FIG.
3, considering the number of traps that serve as switching.

The top electrode 40 may be formed of a metal such as W,
Ni, Ti, TiN, Al or the like which is widely used in a
conventional CMOS process because of easy etching. In the
embodiment of FIG. 3, nickel (Ni) is formed as a circular
disk having a diameter of 100 um as the top electrode 40.
But it is not limited thereto.

FIG. 4 shows a TEM cross-sectional view and a partially
enlarged view of the resistive memory device fabricated in
the embodiment of FIG. 3.

FIGS. 5 and 6 show switching characteristics of the
resistive memory device fabricated by the embodiment of
FIG. 3. The former, FIG. 5, is a result when the silicon oxide
film 10 is not inserted in FIG. 3 and the latter, FIG. 6, is
when the silicon oxide film 10 is inserted. In the latter case,
the several states of resistance can be formed by gradual
switching rather than in the former.

FIG. 7 is an electrical characteristic diagram showing a
change in conductance with continuous application signals
(i.e., pulse voltages) of the resistive memory device having
a silicon nitride film 30 and a silicon oxide film 20 as the
resistance change layer according to the embodiment of F1G.
3. A positive (+) pulse voltage having a constant size at
intervals of 10 seconds is applied to the top and bottom
electrodes 18 times, and the conductance is measured at each
time. From the 19th time, a negative (-) pulse voltage of the
same magnitude as the previous one is repeatedly applied,
and the conductance is measured at each time as well.

Referring to FIG. 7, it is showing that the conductance
gradually changes in both the SET operation section A in
which a positive (+) pulse voltage is applied and the RESET
operation section B in which a negative (-) pulse voltage is
applied. However, unlike in the SET operation section A, in
the RESET operation section B the conductance more
abruptly changes asymmetrically. This asymmetrical varia-
tion according to the polarity of the pulse voltages is an
obstacle to use as a synaptic device.

One of the characteristics of biological synapses, i.e., the
synaptic connectivity, which is potentiated or depressed
according to the difference in fire time between pre- and
post-neuron synapses can be reflected in the polarity of the
pulse voltages applied to the synaptic device according to
the embodiment of this invention. For example, when the
resistive memory device according to the embodiment of
FIG. 3 is implemented as a synaptic device, the synaptic
connectivity may be potentiated by the SET operation apply-
ing a positive (+) pulse voltage to the synaptic device and
depressed by the RESET operation applying a negative (-)
pulse voltage to the synaptic device.

Here, the application of a positive (+) pulse voltage to the
synaptic device means that the top electrode of the synaptic
device is applied with a positive voltage high than that
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applied to the bottom electrode, and the application of a
negative (=) pulse voltage to the synaptic device means that
the top electrode of the synaptic device is applied with a
negative voltage lower than that applied to the bottom
electrode.

However, as shown in FIG. 7, when in the RESET
operation section B, the conductance is abruptly changed
asymmetrically unlike in the SET operation section A, there
is a problem that depression of the synaptic connectivity is
handled differently from when it is potentiated.

In addition, even when the resistive memory device
according to the embodiment of FIG. 3 is used as RRAM for
storing data, because in the RESET operation section B, the
conductance more rapidly changes than in the SET operation
section A and the slope of change in each section is not
constant, there is a problem that it is difficult to control the
resistance (or conductance) indicating an accurate storage.

In order to solve the above problems, it is preferable that
the pulse voltage is gradually increased in the RESET
operation as shown in FIG. 8B, and the pulse voltage is
repeatedly applied a plurality of times at the interval.

During the SET operation, regardless of the magnitude of
the pulse voltage, it may be repeatedly applied a plurality of
times at the interval. That is, as shown in FIG. 8A, pulse
voltages having a constant magnitude can be applied or as
shown in FIG. 8B, pulse voltages being gradually increased
in the magnitude can be applied in the SET operation.

By operating as described above, the conductance can be
changed symmetrically in the SET operation and the RESET
operation as shown in FIG. 9. Thus, the resistive memory
device according to the embodiments described above can
be used as a RRAM for efficient and accurate data storage
in a high capacity memory array and as a synaptic device
adjusting the connection strength of synapses in the neuro-
morphic system as well.

When used as the RRAM, the storage state of the device
can be determined by a slope (for example, 1 or -1) of the
conductance of the resistance change layer by applying a
predetermined read pulse voltage (e.g., two or more pulse
voltages).

On the other hand, when used as the synaptic device,
voltages corresponding to a pattern to be recognized are
applied as a read pulse (e.g., two or more pulse voltages),
and by a slope (for example, 1 or —1) of the conductance of
the resistance change layer, it can be recognized whether it
is potentiated or depressed with the same accuracy.

What is claimed is:

1. A method for operating a resistive memory device that
comprises a bottom electrode formed by doping impurities
into a semiconductor material; a resistance change layer
formed on the bottom electrode; and a top electrode formed
on the resistance change layer, the resistance change layer
comprising a tunnel barrier formed on the bottom electrode
and a nitride film formed on the tunnel barrier, the method
comprising:
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performing a SET operation when the pulse voltages are
applied to the top electrode with positive voltages
higher than those to the bottom electrode,

performing a RESET operation when the pulse voltages
are applied to the top electrode with negative voltages
lower than those to the bottom electrode,

performing the SET operation when the pulse voltages are
repeatedly applied at a plurality of times regardless of
the magnitude of the pulse voltages,

performing the RESET operation when the pulse voltages
are repeatedly applied at a plurality of times with the
magnitude of the pulse voltages being gradually
increased, and

performing a read operation of the storage state or the
recognition state by a slope of the conductance of the
resistance change layer when predetermined read pulse
voltages are applied between the top and bottom elec-
trodes.

2. A method for operating a resistive memory device that
comprises a bottom electrode formed by doping impurities
into a semiconductor material; a resistance change layer
formed on the bottom electrode; and a top electrode formed
on the resistance change layer, the resistance change layer
comprising a tunnel barrier formed on the bottom electrode
and a nitride film formed on the tunnel barrier, wherein the
semiconductor material is silicon, the tunnel barrier is a
silicon oxide film, the nitride film is a silicon nitride film,
and the top electrode is formed of a metal, the method
comprising:

applying pulse voltages having a constant width between

the top and bottom electrodes at a predetermined inter-
val to gradually change the conductance of the resis-
tance change layer,

performing a SET operation when the pulse voltages are
applied to the top electrode with positive voltages
higher than those to the bottom electrode, and perform-
ing a RESET operation when the pulse voltages are
applied to the top electrode with negative voltages
lower than those to the bottom electrode,

performing the SET operation when the pulse voltages are
repeatedly applied at a plurality of times regardless of
the magnitude of the pulse voltages,

performing the RESET operation when the pulse voltages
are repeatedly applied at a plurality of times with the
magnitude of the pulse voltages being gradually
increased, and

performing a read operation of the storage state or the
recognition state by a slope of the conductance of the
resistance change layer when predetermined read pulse
voltages are applied between the top and bottom elec-
trodes.



